Polar Antiferromagnets Produced with Orbital-Order 



O 

(N 

o 

Q 



I 

o 



> 

00 
00 

o 



X 



Naoki Ogawa,^'^^B Yasushi Ogimoto,^'^''^ Yoshiaki Ida,'' Yusuke Nomura,^ Ryotaro Arita,^'^ and Kenjiro Miyano^'^ 

^Research Center for Advanced Science and Technology (RCAST), 
The University of Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo 153-8904, Japan 
^ CREST, Japan Science and Technology Agency, 
4-1-8 Honcho, Kawaguchi, Saitama 332-0012, Japan 
^Fuji Electric Co., Ltd., Hino, Tokyo 191-8502, Japan 
^Department of Applied Physics, Graduate School of Engineering, 
The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan 
'PREST, Japan Science and Technology Agency, 
4-1-8 Honcho, Kawaguchi, Saitama 332-0012, Japan 
(Dated: December 7, 2011) 

Polar magnetic states are realized in pseudocubic manganite thin films fabricated on high-index 
substrates, in which a Jahn- Teller (JT) distortion remains an active variable. Several types of orbital- 
orders were found to develop large optical second harmonic generation, signaling broken-inversion- 
symmetry distinct from their bulk forms and films on (100) substrates. The observed symmetry- 
lifting and first-principles calculation both indicate that the modified JT 52 mode drives Mn-site 
off-centering upon orbital order, leading to the possible cooperation of "Mn-site polarization" and 
magnetism. 

PACS numbers: 77.55.Nv, 77.80.bn, 78.47.jh 



Cross-correlated controls of electronic functionalities, 
such as magnetic responses induced by an electric field 
and vice versa are of particular importance in oxide 
electronics. Although there exist many bulk compounds 
showing collective spin, charge, and orbital orders (SO, 
CO, and 00) '2^, most of them lack either electric polar- 
ization itself or sufficient couplings between electric fields 
and respective degrees of freedom Q . Therefore incorpo- 
ration of engineered polarization in magnetic perovskites, 
with effectual cross-couplings, should renovate the nature 
of functional oxides. To modify the electronic symmetry 
of these orders, application of epitaxial strain [4] and the 
formation of interfaces Q are promising. 

In pseudocubic perovskites (ABOa), proper ferroelec- 
tricity is usually induced by the atomic displacement of 
lone-pair active ^-sites (e.g., BiMnOa) and/or B-sites 
with d^-ness (e.g., BaTiOs). However, empirical incom- 
patibility of ferroelectricity with magnetism at the B- 
sites practically directs the researchers to seek for 
the polarization without B-site displacements; geomet- 
rical interactions of spins and orbitals [H Q, CO with 
asymmetric charge distribution [sl-fioj. octahedral rota- 
tions and hybrid [13]. 

The proper ferroelectricity in strained cubic man- 
ganites, which directly couples to i?-site spins, has 
been predicted from first principles calculations 
Hg} . Whereas the first-order JT distortion preserves cen- 
trosymmetry of the JSOg octahedra, the second-order 
terms can drive the B-site ofF-ccntcring, which is favored 
in the expanded lattice in relation to octahedral rota- 
tions. Following this scenario, high-pressure synthesized 
Sri_a;BaxMn03(SBM0) has been reported recently to 
show ferroelectricity [17|. However, these predictions are 
quite limited in both material selection and lattice modi- 



fication, where tensile (epitaxial) strain has been consid- 
ered only in a tetragonal way, excluding the possibility 
of additional symmetry-engineering. 

Here we introduce shear-mode stress as a general 
route to induce B-site displacements in pseudocubic per- 
ovskites. By using (llO)-oriented substrates and doped 
manganites with degenerate eg orbitals, we can activate 
JT distortions at the 00 transition in thin films, which 
induce enough shear-mode stress in the octahedra favor- 
ing the polar lattice motion. Three examples of prototyp- 
ical manganites with distinct ground states are presented; 
Pro.5Srn.5Mn03(PSMO), Pro.5Cao.5Mn03(PCMO), and 
Ndo.5Sro.5Mn03(NSMO); with spin-A-type antiferro- 
magnetic (AFM) state and d^'^-y'^ 00 for the former, 
and with spin-CE-type AFM, checker-board type and 
|^3£c2-r2/3j£-r2 chargc-orbital order (COO) for the lat- 
ter two |18|. The manganite films are fabricated on 
the (110) faces of (LaA103)o.3(SrAlo.5Tao.503)o.7(LSAT) 
and SrTi03(ST0) substrates [11]. Indeed we revealed 
the emergence of polar magnetic phases in these films, 
and characterized their symmetry in detail by using op- 
tical second harmonic generation (SHG). 

Electronic properties of coherently-grown films can be 
different from those of bulk single crystals [3]- For ex- 
ample, first-order phase transitions in manganites are 
usually suppressed by the biaxial lattice clamping to the 
(OOl)-oriented substrates. In the present study, the 00 
transitions are made possible through the modified JT 
(72 mode constrained on (110) substrates [l!], where the 
two axes of the film will change in a monoclinic (or par- 
allelogram) way keeping the cell volume [i^]. Note that 
single crystalline films with distinct phase transitions are 
paramount to understand the critical size of respective 
degrees of freedom, which is essential to realize functional 
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FIG. 1: (a) Transport and SHG for the 25-nm-thick 
PSMO/LSAT(110) film. Successive pliase transitions can 
be seen; from paramagnetic metal (PMM), to ferromagnetic 
metal (FMM), and to spin- A- type AFM insulator (AFMI) 
around 160 K upon cooling. The resistivity remains rel- 
atively small at lower temperature due to the spin-A-type 
[AFM-coupled FMM planes] nature. A vertical arrow indi- 
cates the PMM to FMM transition (~260 K). (b-j), Evolution 
of the orbital-ordered (OO) domains around roo=7N [indi- 
cated with shadow in (a)] observed with (s, s) polarization. 
Bright regions are polar (SH active) , which are concomitantly 



in the d^2_y2 00 and AFM phases. 



nano-structures. 



The characterization of symmetry and detection of 
small atomic displacements in oxide thin films are still 
challenging, even with x-rays from synchrotron radiation. 
Polarized SHG has many advantages including the sen- 
sitivity to the electronic symmetry at the thickness of a 
single unit cell. It is also possible to image polar, AFM, 
and toroidal domains 21j down to the diffraction limit. 
Figure [Ha) shows the electronic phases of a PSMO film 
on an LSAT(llO) substrate. The p-T characteristics are 



quite similar to that of a bulk single crystal [22[, and 
the metal-to-insulator (MI) transitions can be further en- 
hanced by reducing the film thickness (not shown). Ac- 
cording to the study of superlattice reflections [18|, the 
MI transition was confirmed to be into a d.j;2_y2 00 phase 
without any CO. Pseudocubic manganites with tetrago- 
nal or orthorhonibic structures keep a center of inversion 
in their bulk crystals, thus are nonpolar and SH inac- 
tive [23]. In contrast, we found strong SHG in the 00 
phase [Fig. [ija)] with (s, s) polarization, where the first 
letter in the parentheses refers to the polarization of the 
incident fundamental photons and the second letter to 
that of the second-harmonic, respectively [see Fig. ^a.) 
for the coordinates. The details of the SHG measurement 
can be found elsewhere 2J]]. The 00 transition is also 



discernible in (45°, s) polarization as a dip, which is a 
result of interference with the surface SHG. 

The observed (s, s) signal is strong enough and back- 
ground free to perform SHG imaging. Figures [Ijb-j) dis- 
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FIG. 2: (a) A schematic of SH polarimetry and spin-A-type 
d^2_y2 00 in the PSMO/LSAT(110) film with the experi- 
mental coordinate. The orbitals lie in the (100) or (010) plane, 
and orange arrows indicate the expected spin structures. The 
shear-mode (monoclinic) JT distortion at the transition is in- 
dicated with dotted lines, (b) SH polarization patterns of 
a 25-nm-thick film for the s-polarized (]|[110]) fundamental 
photons (top) and for the p-polarized SH photons (bottom). 
The incident plane is parallel to (110), as shown in (a), (c) 
(s,s) polarized SHG from PSMO/LSAT(110) films with dif- 
ferent thicknesses, (d) Pyroelectric current measured on a 
13.5-nm-thick film with laser intensity modulation (A = 660 
nm, sinusoidally modulated at 1 kHz, 1.8 mW on average) 
focused on a 35 fim (j> spot between the electrodes gap (500 
fim). Inset illustrates the experimental geometry. 



play domain structures emerged across the phase tran- 
sition. The 00 and concomitant AFM regions appear 
bright in the SH microscopy, ensuring that the SH is not 
from domain walls or other defects. Contrary to the case 
of spin-CE-type man gan ites in which nanoscale phase 



separation is present [25|, patch-like domains with the 
size of 1^10 fim are resolved, which appear and disap- 
pear not gradually but instantly under cooling/warming 
processes. 

Typical SH polarization patterns of the PSMO film are 
shown in Fig. ^h). Above the 00 transition tempera- 
ture (Too ~ ?N ^160 K, Tn; Neel temperature), the 
patterns indicate the electronic symmetry of mm2 being 
consistent with that of the (110) surface. At Too = ?n, 
large s-polarized SHG (along [110]) emerges, signaling 
a symmetry-breaking, which interferes with the surface 
mm2 signal and rotates the SH polarization [Fig. [2][b) 
top panel] . The p-polarized SHG is also modified due to 
the same symmetry- lifting (bottom panel). By analyzing 
the SH polarization measured with several optical geome- 
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FIG. 3: SHG and magnetic properties of (a) 
PCMO/LSAT(110) {t = 26 nm) and (b) NSMO/STO(110) 
[t = 40 nm) thin films. (Upper panels) Emergence of SHG 
with (s,s) polarization at Tcoo- Insets show changes in 
the SH polarization patterns for the s-polarized (||[110]) 
fundamental photons across the transition. (Lower panels) 
Magnetization-temperature curves indicating respective 
electronic phases. PCMO: paramagnetic insulator (PMI), 
charge/orbital-ordered insulator (COOI), and CE-type AFM 
spin-order (SO) (upon cooling). NSMO: PMI, ferromagnetic 
metal (FMM), and COOI with CE-type SO. Insets illustrate 
the expected COO/SO structures with the direction of 
observed SH polarization. A short arrow in the upper panel 
of (a) indicates a small kink in the SHG reflecting the SO 
transition to AFM. 



tries, it is confirmed that this p-polarized SHG is from the 
[110]-oriented polarization and there is no [001]-oriented 
components. By assuming the monoclinic distortion of 
the film fioj, we conclude that the symmetry in the 00 
phase is consistent with point group m [2^ with the mon- 
oclinic axis along [001] [see Fig. [2{a)]. The surface SHG 
(mm2) was found to be nearly temperature independent. 
Figure[2][c) compares the (s, s) polarized SHG for several 
PSMO/LSAT(110) films with different thicknesses. The 
transition temperatures decrease consistently with those 
determined by the transports (not shown), and the sig- 
nal intensity at low temperature indicates a volumetric 
behavior under the influence of coherence length of re- 
flection SHG. 

To confirm its polar character, pyroelectric current was 
measured along two in-plane axes by intensity modula- 
tion heating with a diode laser [Fig. [JJd)]. Surprisingly 
large current of the order of 100 pA was detected only 
along [110], although the transport and magnetization 
are nearly isotropic in these films . 

In addition to the PSMO films, PCMO and NSMO 
films on (110) substrates are characterized to prove the 
universality of the modified JT deformation to induce 
polarization. These compounds are carefully chosen to 
clarify the symmetry-breaking mechanism and to com- 
pare different 00s (d^2_y2 to d^^2_^2 i^y2_j.2), SOs (A- 



type to CE-type), and substrate materials. Figure |3] il- 
lustrates the respective electronic phases and SHG. Al- 
though both films have the same spin-CE-type ground 
states [Fig. |3] insets], the former shows the COO and 
the SO at different temperatures, thus was used to sin- 
gle out the role of SOs. For both films we detected 
(s, s) polarized SHG below Tc,cio\ again the symmetry 
is lifted from their bulk forms [23|. The microscopy 
imaging here was not feasible, because the SH signals 
are more than 10 times smaller than that of the PSMO 
film, and domains for the spin-CE-type order is presum- 
ably small [2^. Moreover, the temperature dependences 
are rather gradual, which clearly differ from the lattice 
modulation at 00 jl^], revealing their electronic con- 
tributions. These characteristics point to the difference 
between the d^2_y2 and d^x2_j.2 /^y2_^2 00s, in which 
the former develops long-range order and shows homo- 
geneous transitions 27|. Nevertheless, 



the changes in 
their electronic symmetry are similar to that of PSMO, 
surprisingly, as can be seen in the rotation of SH po- 
larization (Fig. |3] insets) . Here the rotation angle is a 
complex function of the refractive index and the phase of 
the second-order susceptibility (x*'^-') tensors. 

The common appearances of large in-plane SHG in 
these films with different 00 structures, the absence of 
CO in PSMO, and the irrelevance of SO in PCMO, rule 
out most of the symmetry-breaking mechanisms known 
so far 0, 0] • The surface-related effects such as piezo- 
electricity at the (110) surface would produce polariza- 
tion. However the observed s-polarized (in-plane) SHG 
increases with the film thickness [Fig. [H^c)], which con- 
tradicts to the assumed surface origin. Flexoelectric- 



ity induced by the strain gradient in epitaxial films [28 1 
prefers polarization normal to the film. Note that the 
magnitude of the emerging x^^^ elements in the PSMO 
films approach to that of dn of a-quartz, which is sur- 
prisingly large, leading us to the inquest of the Mn- 
site polarization (off-centering) with large Born effective 
charges 3, H]- 

Deposited on the (110) substrates, the manganite films 
adopt JT distortions for both dx2_y2 and d^x2_^2i^y2_^2 
00s J inducing the monoclinic deformation in the lat- 
tice [18] [Fig. IDJa)]. (Note that the PSMO favors mon- 
oclinic 2/m in the bulk 00 phase [1^). When look- 
ing into the predicted ferroelectric instability in a cu- 
bic perovskite [13 ] , the combined unstable phonon modes 
(second-order JT) are compatible with this shear-mode 
deformation. In addition, the films are under ten- 
sile strain along [110]. Both effects will promote off- 
centerings of the magnetic S-sites, and this atomic dis- 
placements are consistent with the lifting of two- fold sym- 
metry along [001] observed in the SHG polarimetry. 

To confirm this scenario, we examined the stability 
of the polar structure in the PSMO film by assum- 
ing hypothetical spin-A-type and half-doped SrMnOa 
(Fig. m . The structural optimization was performed by 
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FIG. 4: Energy diagram and schematic illustrations for the 
optimized structures of spin-A-type and half-doped SrMnOs 
films with and without shear-mode (monoclinic) deformation 
(7). The total energy (per Mn site) is lowered when 7 be- 
comes larger than 90°, and further stabilized by the polar 
displacements of Sr and Mn atoms (indicated by arrows) at 
7 =92.37° (right bottom, Sr and Mn atoms are abbreviated). 
The atomic displacements are referred to the center of the Oe 
octahedron, which are mainly along (b-a) (|[[110]) direction 
with a slight tilt in the c-plane. 



first-principles density-functional calculation in the gen- 
eralized gradient approximation (GGA) with the on-site 
Hubbard U parameter (GGA+U), where a plane- wave 
basis set with a cutoff of 35 Ry and the ultrasoft pseu- 
dopotential were adopted jsoj . Experimentally deter- 
mined lattice constants on LSAT(llO) with monoclinic 
crystal distortion (7 = 92.37°) in the 00 phase were as- 
sumed, and 4x4x4 k points were sampled. In addition, 
an orthorhombic structure (7 — 90°) with the same cell 
volume was checked for comparison. The Hubbard U 
was chosen to be 4.5 eV for manganese atoms. To find 
the local potential minima, the polar structures are op- 
timized with the initial displacement of the Mn atoms of 
O.2729A along [110]. As a result, the Mn and Sr atoms 
found potential minima displaced mainly along [110] and 
slightly to [100] from the center of the Og octahedron for 
the monoclinic structures (Fig.|4]). These polar displace- 
ments are consistent with the experimentally observed 
SHG; mainly in-plane (||[110]) and slightly out-of-plane 
polarized. The displacement amplitude is the function of 
the angle of monoclinic distortion, and further enhanced 
by increasing the lattice constants (not showri) in accord 
with the former theoretical predictions 14, 15|. We note 
that the shift of A-site cations, larger in magnitude than 
that of the i?-sites, has also been observed for the bulk 
SBMO in the AFM phase [l7!]. The octahedral rota- 
tions in the film, as functions of A-site element and sub- 
strate lattice parameters, will also show strong impacts 
on these displacive motions, which will be a subject of 
future study. 

Now the above introduced manganite films are pos- 
sibly multiferroic, in which the _B-site off-centering will 



induce direct couplings of electric, magnetic, and orbital 
properties to the external fields. We found that the 00 
transition (and coupled polar states) can be controlled 
with magnetic field (not shown, cf. Ref. jlil]) through the 
stabilization of the FMM phases. However, the electric- 
field-control of magnetism has not been successful yet, 
due mainly to the "bad insulator" character of these 00 
phases. 

It is worth noting that the magnetic information can 
also be deduced from SHG measurements. The (45°, s) 
polarized SHG [for the PSMO film. Fig. [Ua)] partially 
reflects the magnetization of the film. A kink structure 
around 260 K, which cannot be explained by the change 
in the linear optical spectra, indicates the change in mag- 
netic point groups or the slight modification of the orbital 
and lattice through the magnetostriction. In addition, 
the SO transition in PCMO film is discernible in the up- 
per panel of Fig. [Slja), manifesting that the polar state is 
robust, in contrast to the case of bulk SBMO in which the 
polarization is largely suppressed by the G-type SO [17 1 . 
To further analyze these magnetic signals, spectroscopic 
SHG will be helpful. 

To summarize, we realized the engineered polar- 
magnetic states, possibly produced with the off-centering 
of the magnetic B-site ions, in pseudocubic perovskite 
manganites by using high-index substrates. The cen- 
trosymmetric orbital-orders, d^2_y2 and d^^2_^2/^y2_^-2, 
drive the shear-mode distortion in the bulk part of the 
film through the first-order JT distortion constrained on 
substrates, whereas the B-site off-centering is collabo- 
rated with the second-order modes. The resultant lattice 
structure adopts polar point group m, which is confirmed 
by the extensive SHG polarimetry and first-principles 
calculations. As demonstrated with three different com- 
pounds, this would be a general mechanism to produce 
polarization in magnetic perovskites, and will be useful 
for applications exploiting efficient cross-correlations. 
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